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TOTAL THERMAL CONDUCTIVITY OF PARTIAILY AND FULLY IONIZED GASES
Warren I'. Antye
National Aeronautics and Space Administration

Ames Research Center, Mofrett Field, California

The calculation of tne total thermal conductivity within the frame-

work of the Chapman-Enskog formulstion 1s based on the expression for
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the neat flux vector
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where DY end Di' are the thermal &iffusion and rulticomponent diffusion
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coefficients, and hs 1s the total enthal of a particle of species
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The diffusion velocity is deiined as
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and the "forcing potential" is defined as
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where ¢4 is the charge, Zje, for a particle of species 1, and [Ej

.

the electric field.
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Recent approachesz' to the derivation of the total thermal conduc-
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onized gases nave attempted to resolve
the Torcing potential (Eq. (3)) iato two comporents. The first component
is cxpressed in terms of a temperature gradient, and the second, in terms of
the charge separation fleld. This resolution was brought about in an
ttenpt to duplicate Spitzer and Hirm's® expression for the heat flux
vector, waich is valid only for a binary plasms (i.e., equal numbers of
ions and electrons). Their expressicn is

a = -2g{92/35) + BR (%)
In doing so, simplifications to the concentration gradient terms and/or
CLLTSE scparation terms were made. As a result, the charge separation
correction to Ag could then ve found by use of Onsager's reciprocal
relation.

However, an inspection of the Chapman-Ensxog expression for g for

AN
a binary plasma shows the following Tunctilonal dependence,
P W ';'7:‘ ~ . N
q = -7 (0T/3x) + SE + 7(3x%/3z) (5)
If it is assumed that both approaches are eguivalent, then the question

arises &s to winicn of the t.o terms in Eq. (4) contains the last term,

o/

7(3x/dr), in Eq. (5). This note does not attempt to find the correspond-
A,
ence of these Terms, but to present a method by which these problems are

circumvented, end in vhich no simplificetions of the Ox/Op and E terms

jul

re necessary. JThe approach for a binary plasme will then be extended

tc obtain closea forwm expressions for the total thermal conductivity of

partially ionized plasma and a fully ilonized ternary plasma (i.e., a

o

mixture of singly and doubly ionized atoms and electrons).
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Trne crux of ©vals approsch 1s not To separate the forcing potential,
. » components, bus To solve for Tais quantity directly
. . B T . ~ Eo RS - . +— 2 = TN : R I Pal > 8
by maXing use of the conservation of tne net Tlux for each species.
Pnysically, This means trhat an arbltrary value of the charge separation

1 result in a readjustmert of the concentration gradients so
thaot the net flux 1s coaserved. Thnerefore thne combined effect in the
Torm of g is a more logical varleble tnan 1ts components.

i

Binsry plasnma.- The conservavion of fluxes of ions and electrons

requires that the diffusion velocities of the ion and electron be iden-
tically zero. This is in accord wita simple plasma theory where the

ore mobile electrons =znd iozns travel in tauwdem due to the action of a

)

cherge separation field. IEquation (2) then yields

_ m
e = (p/mintndDIeT)DE(BT/QQ) (6)
g1 = (ofumen®De1T)DE(37/3y) (7

Substituting Zos. (8) and (7) irnto the last term of Eg. (1) results in
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It can be seen that the toval therral conductivity now can be expressed

b

n terms of known guantities. Iote thet 1t was not necessary to employ

@

asager's reciprocal relation. Nurericel values of Mopg) were obtailned
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oy corbining the second-order Chapran-Enskog values of Ay, Dj, and Dij
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in Ref., 4 aand the third-order corrections in Ref. 3. The resulting
values were 10 to 15 percent higner tnan Spitzer and Harm's value for

the total therral conauctivity.
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. Perticlly ionized cace “or the total thermal con-
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ductivivty ¢f o partially ionized gas undcergolng the reaction A - I + e
follows directly. The comservation of mass flux’ reguires that the

diffucion velocities be related ac Tollows

X YA+ xIYT = 0 (9)
xpVp + xelle = 0 (10)

The additional eguation

Zgi =0 (11)

H
whnich results Tfrom the choice of a mass averaged coordinate system,l
completes une necessary systen of eguatlons. A set of linear equatioﬂs
in the unknowas Gp, 81, and ge are obtained by combining Egs. (2),
(9), (lO), and (ll . he following determinantal expression for the
vericus ¢4 1s then obtained by using cramer's rule,
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a1 = (25/p)eyD1p a1z = (25/p)mgDaT
aie = (n%/p)mDpe + (1°/0)uD1e ci = <?Z/mA?> + <?i/m1?) '
awz = (2%/p)mpden sze = (2%/p)mIDa1 + (8%/p)mrDer ) (13)
Sym = (TZ/O)W D e = DT/ T+ DT/” T
Se3 SRV A Ce =\ Yp/Tpy T\ el e
ol = 83z = &gz = 1 cz =0 J

Corbining Zgs. (1), (2), (12), and (23) gives the final expression for

the total thermal conductivity.
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wnere Ay 1s the translationsl therzmsl conductivity, the sum of all terms
containing tne various nj 1s the reactive thermal conductivity, and

the swm of the remaining terms is the thermal conductivity due to thermal

ernzry wlzswa.- Dguation (14) is elso valid for the case of a

fully ionized ternary plasms underg
+ (n + 1)e (15)
viaere no denotes the degree of loaizaticn. Lie only necessary change

is ©to double the values of az; and the Lus erms of az2 and Co

(. (13)) and replace the subscript A by I and the subscript I
5 _{(n-+x
Dy L(‘ ).
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